ABSTRACT. We studied lichen photobiont diversity patterns of three epiphytic Nephroma species in a 900-ha boreal forest landscape using cyanobacterial tRNA Leu (UAA) intron sequences. Our aim was to investigate if there was a link between lichen species identity, reproductive strategy, and photobiont selectivity. We show high photobiont specificity and selectivity within the forest landscape: only five closely related tRNA Leu (UAA) intron genotypes were found from 232
forming fungi. For example, Lohtander et al. (2003) studied photobiont diversity patterns in different Nephroma species and found that all bipartite lichen taxa studied housed closely related or in some cases sequence identical Nostoc genotypes.
Where do Nephroma species acquire their cyanobionts and what is the spatial structure of symbiont sharing among these cyanolichens? While detailed studies are lacking, evidence of the existence of free-living Nostoc cyanobionts in typical cyanolichen habitats is scanty. Free-living Nostoc can be common, but most of them are not compatible symbionts for lichen-forming fungi Rikkinen et al. 2002; Rikkinen & Virtanen 2008; Wirtz et al. 2003) . It has been suggested that symbiotically dispersing lichen species may sometimes facilitate the establishment of other lichens by distributing commonly used photobionts in symbiotic diaspores (e.g. Beck et al. 1998; Rikkinen 1995; Rikkinen et al. 2002; Rikkinen & Virtanen 2008; Wornik & Grube 2010) .
The different reproductive strategies of lichens (dispersal by fungal vs. symbiotic diaspores) may greatly influence photobiont diversity patterns. The spores of lichen-forming fungi need to lichenize after dispersal, which limits their establishment success to habitat patches where suitable symbiotic partners already occur. Symbiotically dispersing lichens, on the other hand, do not necessarily require the existence of appropriate photobionts outside their specific symbiosis.
In this study we examined the genotype variability of cyanobacterial symbionts in three epiphytic Nephroma species (Peltigerales, Ascomycota) in a boreal forest landscape in Finland. We define the range of Nostoc genotypes as 'symbiont specificity', specificity sensu Smith & Douglas (1987) . Studies of symbiont specificity and selectivity on the landscape level can improve our current understanding of lichen species ability for establishment and colonization, which is one of the key processes in species long-term persistence. All the Nephroma species studied are bipartite cyanolichens, but they differ in the relative importance of spore dispersal and the production of symbiotic propagules (Supplementary material S1). Nephroma bellum (Spreng.) Tuck. is commonly fertile and starts to produce apothecia at a relatively young age. While thallus margins may be lobulate, it does not produce any obvious structures that might function in symbiotic dispersal. Nephroma parile (Ach.) Ach. is rarely fertile but commonly produces large numbers of granular, relatively small soredia. Nephroma resupinatum (L.) Ach. is commonly fertile, but usually only produces apothecia at a relatively mature age. Its thallus margins are often densely phyllidiate and phyllidia are also relatively frequently produced on the upper surfaces of the thallus. The phyllidia are quite large as compared to soredia and well protected by their thick cortex. No distinct morphotypes or chemotypes are recognized within N. resupinatum in Northern Europe, but the fungal symbiont is known to be quite variable genetically Piercey-Normore et al. 2006; Vitikainen 2007) .
We used the cyanobacterial tRNA Leu (UAA)
intron as a genetic marker as it has been widely used for determining diversity and specificity patterns of Nostoc strains symbiotically associated with lichenforming fungi, thalloid bryophytes, and cycads (e.g. Costa et al. 2002; O'Brien et al. 2005; Oksanen et al. 2002 Oksanen et al. , 2004b Paulsrud et al. 1998; Paulsrud et al. 2000; Rikkinen & Virtanen 2008; Summerfield et al. 2002; Summerfield & Eaton-Rye 2006) . Also the cyanobacterial 16S rRNA gene was sequenced from some specimens of each Nephroma species to check for possible incongruence between the 16S rDNA and tRNA Leu (UAA) intron sequences.
As far as it is currently known, all bipartite cyanolichens house only one Nostoc genotype in each individual thallus (e.g. Lücking et al. 2009; Myllys et al. 2007; Paulsrud & Lindblad 1998; Paulsrud et al. 1998 Paulsrud et al. , 2000 Rikkinen et al. 2002; Wirtz et al. 2003) .
The specific aims of this study were to investigate (1) the overall distribution of Nostoc tRNA Leu -genotypes associated with each Nephroma species in the forest landscape, and (2) on individual tree trunks, and (3) to find out if some patterns in cyanobiont selectivity could be linked to the differences in the reproductive strategies of the three Nephroma species.
MATERIALS AND METHODS
Biological material. Epiphytic specimens of Nephroma bellum, N. resupinatum, and N. parile were collected during the summers of 2007 and 2009 from 43 aspen (Populus tremula) and 34 goat willow (Salix caprea) trees in a 900 ha forest landscape in eastern Finland (64u079N, 29u339E). The forest landscape was dominated by differently sized old-growth coniferous forest stands with interspersed deciduous trees within a matrix of more open boreal peat lands (Fig. 1) .
Our field sampling was based on previous knowledge on the distribution of epiphytic cyanolichens in this forest landscape (Konttinen 1998) , and on accessibility (Fig. 1) . We aimed to adequately sample the total local distribution area of Nephroma, with an emphasis on sites where all three species were known to be abundant. Further, we hoped to sample all three Nephroma species at approximately the same intensity. We sampled thalli from 61 host trees distributed in a more or less continuous forest in the northern part of the study area, this representing the main habitat of all three Nephroma species within the landscape. Sixteen host trees were sampled from smaller and more isolated forest patches south of the main forest. The abundance of all three Nephroma species in the small forest fragments was relatively low.
Geographical coordinates were recorded for each sampled host tree. In the selection of individual trees in the field, we preferably chose trunks that were occupied by all three Nephroma species: a total of 15 such trees were sampled. In the selection of additional trees, we preferably chose those occupied by N. parile, which was the least common of the three species within the study area. In order to detect possible within-tree variability in cyanobiont composition we often sampled several thalli (2-8) of one Nephroma species from a single tree. This was done by always selecting well-delimited thalli that grew some distance apart. Multiple samples were taken from 14 trees for N. bellum, from 11 trees for N. parile, and from 13 trees for N. resupinatum.
Also some specimens of Lobaria pulmonaria, Parmeliella triptophylla, Peltigera canina, Peltigera degenii, Peltigera praetextata, and Protopannaria pezizoides were collected from additional trees in the same study area. These specimens were analyzed in order to see if they housed Nostoc genotypes identical to those that associated with the three Nephroma species, but no thorough analysis was attempted. 
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A small fragment of each lichen thallus was collected, dried and stored in an Eppendorf tube with half a teaspoon Silica gel. The specimens were then kept in a freezer (at 218 to 280uC) until DNA extraction.
Molecular data. DNA was extracted from minute thallus fragments of the biological material described above using the DNEasy Plant Mini Kit (QIAGEN AB, Solna, Sweden). Amplification of the cyanobacterial tRNA Leu Amplification of cyanobacterial 16S rRNA genes from a subset of lichen specimens was performed with the primer pair 27F (Wilmotte et al. 1993 ) and 23S30R (Lepère et al. 2000) in a 60 ml volume containing 6 ml genomic DNA, 103 Buffer, deoxynucleoside triphosphates at 0.2 mM (Finnzymes, Espoo, Finland), each primer at 0.75 mM, 0.5 mg/ml of BSA (Fermentas), and 1.5 U of DynaZyme II DNA polymerase (Finnzymes, Espoo, Finland). The heating cycle was as follows: the initial denaturation of 2 min at 94 uC was followed by 35 cycles of 30 sec at 94 uC, 45 sec at 52 uC, and 2 min at 72 uC, with final extension of 10 min at 72 uC.
For a subset of lichen specimens, we also sequenced the fungal ITS gene in order to confirm fungal species identities. Amplification of the fungal ITS gene region from the lichen sample was performed with the primer pair ITS 1F and ITS 4R (White et al. 1990 ) in a 40 ml volume containing 4 ml genomic DNA, 10 3 buffer, deoxynucleoside triphosphates at 0.2 mM (Finnzymes, Espoo, Finland), each primer at 0.5 mM, 0.5 mg/ml of BSA, and 0.8 U of DynaZyme II DNA polymerase (Finnzymes, Espoo, Finland). The heating cycle was as follows: the initial denaturation of 2 min at 94 uC was followed by 35 cycles of 30 sec at 94 uC, 30 sec at 57 uC, and 30 sec at 72 uC, with final extension of 10 min at 72 uC. Purification and sequencing of the amplification products of the cyanobacterial 16S rRNA gene and the fungal ITS gene region was performed similar to the tRNA Leu (UAA) intron gene.
The 16S rRNA gene was sequenced with primers 106F (Nubel et al. 1997) , pCR, pDF and pEF (Edwards et al. 1989 ). The ITS gene was sequenced with the primers ITS 1F and ITS 4R (White et al. 1990 ). Data analysis. After sequencing, single nucleotide differences in the tRNA Leu (UAA) intron sequences were used to identify different Nostoc genotypes. The chromatograms of all sequences were checked, manually edited, and aligned using the program BioEdit version 7.0.9.0 (Hall 1999) . Differences in the variable P6b stem loop of the tRNA Leu (UAA) intron genotypes were illustrated by the prediction of a secondary folding structure (Fig. 2) using the online database mfold (version 3.2, Mathews et al. 1999; Zuker 2003) . Nephroma thalli were highly similar and had a Class 1 repeat motif in the P6b region (Fig. 2) . They represented five distinct genotypes (Figs. 3, 4 & Supplementary material S2), four (A1-A4) of which were identical to those that had been found in earlier studies of epiphytic Nephroma species in central Finland . The fifth Nostoc genotype (K54) was novel and differed only by two nucleotides from genotype A3, which was the most similar genotype retrieved from GenBank. The geographical distribution of the Nostoc tRNA Leu (UAA) intron genotypes is shown in Fig. 3 , and the association of each genotype with individual Nephroma species is shown in Fig. 4 . While most of the five genotypes were widely distributed, none of them associated with all three Nephroma species (Fig. 4) . The predominant Nostoc genotype with both N. bellum and N. resupinatum was A1 (Figs. 3A  & 4) . Some specimens of these species harbored the novel Nostoc genotype K54, which was never detected from N. parile ( Figs 3D & 4) . One of two Nostoc genotypes (A2, A3) was amplified from every specimen of N. parile ( Figs 3B, 3C & 4) . The genotype A2 was also amplified from two specimens of N. bellum, growing with N. parile on the same tree trunk (Fig. 4A) . Nostoc genotype A4 was only amplified from four specimens of N. resupinatum (Figs. 3D & Fig. 4) , of which two occurred on the same tree trunk. Thus, N. bellum and N. resupinatum each harbored three Nostoc genotypes (i.e., A1, A2 and K54, and A1, A4 and K54, respectively), whereas N. parile only associated with two different Nostoc genotypes (A2 and A3). 
RESULTS

We obtained new
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The common Nostoc genotype A1 was also amplified from six specimens of Parmeliella triptophylla. In addition, one specimen of P. triptophylla associated with Nostoc genotype A2, and one specimen of Lobaria pulmonaria housed Nostoc genotype A4 (Supplementary material S2) . All tRNA Leu (UAA) intron sequences from Peltigera and Protopannaria specimens had a Class 2 repeat motif in the P6b region. Also other sequence characteristics helped to clearly distinguish them from the five intron genotypes found in all Nephroma specimens. Hence, sequence variation in the Nostoc cyanobionts of these lichen species is not discussed further here. The distribution of different Nostoc genotypes on selected tree trunks is shown in Fig. 5 . The most relevant observations can be summarized as follows: a) different Nostoc genotypes were frequently amplified from different lichen thalli growing on the same trunk; b) while all three Nephroma species associated with several different Nostoc genotypes, all thalli of each species from an individual tree trunk almost invariably harbored the same genotype, the only exception being N. resupinatum on four tree trunks; c) while N. bellum and N. resupinatum were both able to associate with more than one Nostoc genotype, when growing on the same tree trunk they usually (in 90% of all cases) housed the same genotype; d) in both cases where Nostoc genotype A2 was amplified from N. bellum, also the primary companion of this cyanobacterium, N. parile, grew on the same tree. Six Nostoc 16S rRNA genotypes (C1-C6) were identified from the 26 Nephroma thalli analysed. The length of the 16S rRNA gene sequences was between 843 and 1543 bp.The 16S rRNA genotype C1 corresponded with the tRNA Leu (UAA) intron genotypes A1 (sequences from N. bellum and N. resupinatum) and A3 (sequences from N. parile), the 16S genotype C2 corresponded with intron genotype A1 (sequences from N. bellum and N. resupinatum), the 16S genotype C3 corresponded with intron genotype K54 (sequences from N. bellum and N. resupinatum), the 16S genotype C4 corresponded with intron genotype A2 (sequences from N. parile), the 16S genotype C5 corresponded with intron genotype A2 (one sequence from N. bellum), and the 16S genotype C6 corresponded with intron genotype A4 (one sequence from N. resupinatum).
We obtained new fungal ITS sequences from 44 Nephroma thalli (17 Nephroma parile, 14 Nephroma bellum, and 13 Nephroma resupinatum). The length of the fungal ITS sequences was between 495 and 498 bp. The sequences always confirmed the species identifications based on morphology characters. All ITS sequences amplified from N. parile specimens were identical to those previously amplified from the same lichen species from central Finland (GB# AY124151). In N. bellum, eight of the new ITS sequences were identical to those previously amplified from the same lichen species from central Finland (GB# AY124133), and two were identical to another previously known ITS genotype of the same lichen species (GB# AY124130). Four new sequences differed slightly from the above mentioned two ITS genotypes, in one and four nucleotide positions, respectively. Finally, in N. resupinatum one of the new ITS sequences was identical to sequences previously amplified from the same lichen species from central Finland (GB# AY124103), and eight others were identical to another previously known ITS genotype of the same lichen species (GB# AY124102). The remaining four new sequences differed slightly from the latter ITS genotype, three sequences in one nucleotide position, and one sequence in two positions, respectively.
DISCUSSION
Our data confirm that epiphytic Nephroma species are highly selective in their choice of cyanobacterial symbionts (e.g. Myllys et al. 2007; Paulsrud et al. 1998 Paulsrud et al. , 2000 Rikkinen et al. 2002) as only five closely related Nostoc tRNA Leu (UAA) intron genotypes were found from 232 Nephroma thalli collected from 900 hectares of old-growth boreal coniferous forest. The five Nostoc genotypes belong to one particular lineage among the lichenforming Nostoc strains. This group of symbionts was first reported by Rikkinen et al. (2002) and its existence has since been confirmed by the results of several independent studies using different DNA markers (e.g. Elvebakk et al. 2008; Kaasalainen et al. 2009; Lohtander et al. 2003; Myllys et al. 2007; O'Brien et al. 2005; Oksanen et al. 2004a; Oksanen et al. 2004b; Svenning et al. 2005 ). Lichen-forming fungi that associate with these Nostoc strains (e.g. many fungi of the Nephromataceae, Lobariaceae, Pannariaceae, and Collemataceae) have been collectively called the 'Nephroma guild' -in reference to the early observation that all bipartite Nephroma species, including those analyzed in the present study, harbor these symbionts . Nostoc genotype K54, which was now amplified from numerous specimens of N. resupinatum and N. bellum, has not been encountered in previous studies.
Our results confirm that Nephroma bellum and N. resupinatum often share identical Nostoc symbionts and can thus presumably obtain them from common sources which are also used by Parmeliella triptophylla. Our data further confirm that neither the three Nephroma species nor Parmeliella triptophylla share any Nostoc symbionts with Peltigera species (Lohtander et al. 2003; Rikkinen et al. 2002) . We show that there were intron genotypes were often found from a single tree trunk, but only N. resupinatum sometimes had two different Nostoc genotypes in different thalli on the same trunk (E, G, and H).
Fedrowitz et al.: Nostoc diversity in Nephroma some differences in the resolution of Nostoc 16S rDNA and tRNA Leu (UAA) intron sequences but no incongruence was found between the two markers. Five of the six 16S rRNA genotypes that we obtained are identical to those found in earlier studies Lohtander et al. 2003; Myllys et al. 2007) .
A new finding was that N. parile always associated with two Nostoc genotypes, of which only one is occasionally symbiotic with N. bellum. This indicates that within our study landscape N. parile only rarely shares cyanobionts with its two relatives, even though such sharing has been reported from other study areas (Lohtander et al. 2003; Rikkinen et al. 2002) . In a study with different molecular markers, Myllys et al. (2007) analyzed the diversity of Nostoc cyanobionts in epiphytic cyanolichens in an old-growth forest in southern Finland. Their results revealed a similar overall pattern to that found in the present study, i.e. N. bellum, N. resupinatum and P. triptophylla seemed to depend on a common pool of cyanobionts, while N. parile relied on a separate group of Nostoc cyanobionts.
An intriguing new finding came from our analysis of symbiont selectivity patterns within and between tree trunks. On a single tree, all thalli of each Nephroma species almost invariably harbored only one Nostoc genotype, the only exception being N. resupinatum on four trees. Such pattern may suggest low rates of migration between and subsequent colonization of trees within the forest, while dispersal between microhabitats on an individual tree trunk was more effective. Hence, the local population of each lichen species on a single tree typically developed around one Nostoc genotype, either by symbiotic dispersal, including thallus fragmentation, or by lichenization. Concurrently, we would expect that lichen species depending on a common pool of symbionts show the same phenomenon, i.e. that they associate with the same Nostoc genotypes on individual trees. This founder effect was indeed shown in our results, as within each individual tree all thalli of both N. bellum and N. resupinatum nearly always associated with the same Nostoc genotype.
While genetic differences between the symbiotic Nostoc strains were small, their distribution patterns among the different Nephroma species were clear and consistent, and seemed to be linked to the different reproductive strategies of the studied lichens. Nephroma bellum and N. resupinatum, which mainly disperse by fungal ascospores, usually housed identical Nostoc symbionts on individual tree trunks, suggesting that their cyanobionts came from the same local source. This may be related to the fact that lichens that mainly rely on fungal spores in dispersal must obtain their photobionts from the site of establishment, and can hence gain direct benefit from being somewhat promiscuous in their selection of suitable photobionts. Our data shows that also Parmeliella triptophylla shared one Nostoc genotype (A1) with N. bellum and N. resupinatum. Parmeliella triptophylla is commonly fertile, but also produces enormous quantities of minute isidia, many of which disperse successfully but are not necessarily always able to develop into mature thalli. Some isidia may disintegrate and release their cyanobionts to the benefit of other lichen-forming fungi in the same guild. Hence, the symbiotic propagules of Parmeliella triptophylla could sometimes facilitate cyanobiont dispersal of Nephroma bellum and N. resupinatum.
The simultaneous association with two different Nostoc genotypes in different N. resupinatum thalli on a few tree trunks was interesting and potentially significant. This Nephroma species is commonly fertile, but also produces symbiotic diaspores in the form of phyllidia. One could hypothesize that thalli that develop from fungal spores through lichenization had often incorporated the common Nostoc genotypes A1 or K54, while dispersal by phyllidia had helped some subpopulations of N. resupinatum to maintain the unique Nostoc genotype A4. On the other hand, the same pattern might also be explained by genetic heterogeneity within N. resupinatum: several previous studies have shown that while all N. resupinatum thalli are characterized by a tomentose lower surface and the complete lack of hopane triterpenoids or other distinguishing medullary substances, the species is in fact genetically variable and represents an aggregate of several closely related taxa Piercey-Normore et al. 2006) . The fungal ITS sequences from selected N. resupinatum thalli from our study area indicated that Nostoc genotype A4 associated with different fungal genotypes than Nostoc genotypes A1 and K54 (data not shown).
Nephroma parile was clearly capable of maintaining its own symbiont pool. While the scope of our study did not permit a thorough analysis of intraspecific variation within N. parile, our results did reveal a conspicuous dichotomy in the photobiont composition of this species. This dichotomy may be linked to genetic heterogeneity among N. parile mycobionts. Several features in thallus morphology and in medullary hopane triterpenoids indicate that also N. parile represents an aggregate of two or more closely related taxa (James & White 1987; Vitikainen 2007 ). Such differences are not necessarily revealed by the fungal ITS sequences analyzed in this and comparable studies Piercey-Normore et al. 2006 ). Our ITS sequences indicated two mycobiont populations that both associate with Nostoc strains A2 and A3. It may therefore be that N. parile consists of two fungal subpopulations in our study landscape, but that these associate with the same photobiotic strain, which they maintain and disperse through the production of soredia.
In conclusion, as shown by the results of this and previous work, lichen species are highly selective in their association with photobiotic partners. Our new findings indicate that this selectivity is linked to species reproductive strategy, and that founder effects may play an important role due to low colonization rates. Further studies on photobiont sharing will undoubtedly increase our understanding of the role of dispersal and/or establishment limitations in lichen community ecology.
ACKNOWLEDGMENTS
This study was supported by the Swedish University of Agricultural Sciences (SLU), the SLU fund for internationalisation of postgraduate studies (FUR), Bertil Lundmans stipendium from Svenska växtgeografiska sällskapet, and Stiftelsen Extensus to KF, and from the Academy of Finland to JR (122288). We thank T. Konttinen who provided valuable background data on the distribution of epiphytic cyanolichens in our study area, L. Heiderich and B. Gniosdorz for fieldwork assistance, and G. Várkonyi and the staff at the Research Centre of Friendship Park in Kuhmo/Finland for their support during the field work. E. Arve, A. Frisch, V. Johansson, M. Jönsson, and one anonymous reviewer are thanked for valuable comments on earlier drafts of the manuscript.
LITERATURE CITED
